Abstract. Key biotic and environmental constraints on the host-orientated behaviour of haematophagous Diptera are summarized. For each major group of biting Diptera, responses to host stimuli are reviewed, including activation and ranging behaviour, long-range and short-range olfactory responses and visual responses. Limitations to the comparison of results between groups of species, and the practical problems of experimental method and equipment are discussed.
Introduction
Many dipterans are haematophagous. In the lower Diptera (Nematocera and Brachycera), bloodfeeding on vertebrates has arisen in Ceratopogonidae (biting midges), Simuliidae (black¯ies), Culicidae (mosquitoes), Phlebotominae (sandies), Tabanidae (horse-¯ies) and Rhagionidae. In the higher Diptera (Cyclorrhapha), obligate haematophagy has evolved in various families of the Muscoidea, notably the Muscidae (stable-¯ies and horn-¯ies), Glossinidae (tsetse), the Hippoboscidae (which parasitize birds and mammals), and also the Streblidae and Nycteribiidae (which feed exclusively on bats).
Species from most of the above families are vectors of important pathogens of humans and livestock. Important vectors and associated diseases include: mosquitoes (malaria, yellow fever, dengue and ®lariasis), tsetse (trypanosomiasis), sand¯ies (leishmaniasis), black¯ies (onchocerciasis), biting midges (African horse sickness) and horse-¯ies (surra and equine infectious anaemia). Consequently, these insects have been the subject of extensive research, much of it concerned with elucidating the behavioural mechanisms by which they locate their hosts. Such knowledge has then been used in the development of ef®cient sampling and control systems for many of the medically and economically important families of Diptera (Muirhead-Thomson, 1991) .
This paper reviews some of the most important ®ndings of older work and provides an update of recent research. The more signi®cant gaps in our current knowledge are highlighted and we suggest possible avenues for future research.
Finding a host: some generalizations
Biting Diptera have evolved different degrees of association with their hosts. Horn-¯ies, Haematobia spp. (Muscidae), spend nearly all of their adult lives on the skin of the host, brie¯y leaving to deposit eggs in dung as the host defecates. More commonly, biting Diptera must locate a distant food source that is mobile, frequently dif®cult to ®nd and which has evolved defences against insect attack. Thus, a range of mechanisms for locating hosts has evolved in response to biotic and abiotic constraints. For example, one extreme is simply to`sit and wait' for hosts to pass within a detectable range, while the other is to`range' actively for a host, i.e. to set a course with respect to wind direction and other environmental features, in a way that increases the chances of encountering host cues. Few species are limited to a single mechanism; the host-orientated behaviour of each species is adapted to its own biotic and abiotic conditions.
The daily solar cycle has one of the most signi®cant effects on local environmental conditions, and hence on the types of host stimuli available and on the nature of the responses insects can make to these stimuli. Indeed, the daily activity pattern of most species is limited in the broadest sense to a time of day with a characteristic light level, i.e. day, night, or twilight. Representative for the tropics, Fig. 1 illustrates typical dailȳ uctuations in temperature, relative humidity, wind speed and radiation at Rekomitjie Research Station in the Zambesi Valley of Zimbabwe; species of all the medically and economically important Diptera families occur here, including Anopheles (Culicidae), Culex (Culicidae), Glossina (Glossinidae), Stomoxys (Muscidae), Culicoides (Ceratopogonidae), Simulium (Simuliidae), Phlebotomus (Phlebotominae) and Tabanus (Tabanidae). High levels of solar radiation and high air temperatures during the day lead to increased wind speed and atmospheric turbulence, compared to the night. The hosts of many biting Diptera are active during the early and late hours of the day, and quiescent at night. The combination of meteorological factors and associated biotic factors give rise to a number of advantages and disadvantages of feeding at different times of day (Table 1 ). The effect of wind speed is particularly critical, and needs special consideration Problems with wind. First, if the wind exceeds an insect's maximum air speed, then it limits the insect's ability to make a directed response. Second, and possibly more commonly, wind affects the olfactory cues available to an insect responding to host kairomones. According to David et al. (1982) , in the absence of vegetation, packets of air at¯ight height are carried downwind in mainly straight lines, and thus to locate the source of a particular odour, insects need only¯y directly upwind whenever they detect that odour. Brady et al. (1989) showed that air packets may not always behave so predictably in clearings. Vegetation type certainly has a critical effect, however, on the movement of air and hence on the reliability of directional cues available to insects orienting towards an odour source (Elkinton et al., 1987; Brady et al., 1989) .
In Zimbabwe, Brady et al. (1989) plotted the movement of air through typical tsetse habitats and found that at low (< 1 m/ s) wind speeds, parcels of smoke (used to model odour) did not travel in straight lines through vegetation, but were instead liable to change direction by > 90°. Even at 5 m from the source a notional¯y travelling upwind in odour could be heading > 90°away from the true direction of the source for as much as 25% of the time. The error increased with decreasing wind speed and with increasing distance from the host.
Variation in wind speed can also affect the structure of odour plumes and hence the strength of an olfactory signal. Murlis & Jones (1981) showed that an odour plume (modelled with ionized air) consists of a series of packets of odour interspersed with clean air. Recordings of the electrophysiological response from the antennae of live tsetse to host odours in the ®eld are consistent with this model (Voskamp et al., 1998) . Generally, the frequency of detectable odour packets and the concentration of the odour within them decreases with distance downwind from the source. Flying insects probably detect and respond to changes in the frequency of odour packets and the relative concentration of the odour within these packets more readily than to changes in the mean concentration of odour in the plume generally. Turbulent diffusion causes odour packets to mix with clean air, thereby diluting the packets of odour and reducing the strength of the host signal. Because turbulence increases with increasing wind speed, the strength of the signal in an odour plume decreases with increasing wind speed (see the discussion section in ). Mean hourly air temperature, relative humidity and wind speed during the hot (H; September±November), wet (W; December±April) and cold (C; May±August) seasons at Rekomitjie Research Station, Zimbabwe (16°18¢ S; 29°23¢ E, altitude 510 m). All data were collected between 1 January and 31 December 1996 using a Delta-T automatic weather station (Delta-T devices, Newmarket, U.K.). Sunrise and sunset is at » 06 : 00 h and 18 : 00 h, respectively.
Carbon dioxide, a virtually universal host kairomone, is naturally present at » 300±400 p.p.m. during the day, rising to as much as » 1000 p.p.m. at night (Gillies, 1980) . Thus, host carbon dioxide is released into a potentially competing background. The obscuring effect of atmospheric carbon dioxide is crucially dependent on the`signal : noise' ratio; if atmospheric carbon dioxide were homogeneously mixed in the air, then it would not affect the detection of host carbon dioxide, whatever the background concentration. The extent of atmospheric mixing is dependent on wind speed and temperature. There is thus a strong daily variation in the background`noise' of carbon dioxide, with the low wind speeds and stable, inversion conditions of night leading to a higher level of background noise in the atmosphere (Meixner, 1993) .
Biotic factors
In addition to meteorological factors, the feeding behaviour of biting Diptera is affected by a number of biotic factors, particularly mortality risks and constraints associated with reproduction.
Mortality risks. The main predators of biting Diptera in the vicinity of hosts include various other Diptera (e.g. Asilidae; Hall & Langley, 1989) , Odonata and Hymenoptera (e.g. Sphecidae), as well as larger animals such as birds. These predators are generally diurnal; thus the risk from predation is greatest for diurnal insects. Biting Diptera are also potentially at risk from the defensive behaviour of their hosts, the risk being greater when the host is awake. The most important groups of hosts are the larger mammalian herbivores and birds, because of their size and/or abundance. These are generally diurnal; thus nocturnal biting Diptera are at less risk of hostmediated disruption of feeding and mortality (Edman et al., 1974; Vale, 1977a; Waage & Davies, 1986; Warnes & Finlayson, 1987; Kelly et al., 1996) .
Reproductive factors. Host-orientated behaviour is also affected by the feeding strategy of the species, in particular the importance of blood in the diet. At one extreme, Glossina spp. depend on blood as the sole source of both the nutritional and the reproductive needs of both sexes. For many species of Nematocera and Brachycera only the female requires blood, and only for reproduction. At the other extreme, autogenous species, by de®nition, can produce at least one batch of eggs without any blood (Lehane, 1991) . These differences in nutritional requirements may in¯uence the host-orientated behaviour of a species, for example, by modulating the relative strength of the response to host cues versus the cues emanating from other food sources. Species that depend solely on blood must locate a bloodmeal to survive, while other species can survive for longer periods without a bloodmeal, although reproduction is obviously reduced if hosts are not located frequently enough.
The host-orientated behaviour of adults may be constrained to some extent by the habitat requirements of earlier life stages. For example, many species of biting Diptera require wet larval habitats. In the Tropics, many species of Culicidae, Culicoides, Stomoxys and Tabanus are abundant in the wet season and Simulium are globally associated with running water. All of these habitats are commonly associated with relatively thick vegetation, and the strong likelihood of a high background noise of carbon dioxide at night. Other species, however, have evolved strategies for larval development which have allowed them to breed in more diverse habitats, placing quite different constraints on the host-orientated behaviour of the adults. Examples include the larviparous Glossinidae, Nycteribiidae and Streblidae, species of Tabanidae with predatory larvae and species of Muscidae, which deposit their eggs in host dung.
Host orientated behaviour
With the above generalizations in mind, this paper summarizes the host-orientated behaviour of each family in relation L Table 1 . Opportunities and constraints for haematophagous Diptera feeding during the day or night.
Day Night
Disadvantageto the sequence of events that lead from a resting insect to one feeding on a host.
Activation and ranging behaviour. Circadian rhythms control spontaneous¯ight activity (and hence encounters with host stimuli), and probably modulate thresholds of responsiveness to host stimuli (e.g. activation/take-off to visual and olfactory stimuli; Brady, 1975) .`Ranging' refers here to behaviour that maximizes the rate of encounters with host stimuli while minimizing costs (e.g. energy expenditure and predation). The two extremes mentioned above are to`sit and wait' in a ®xed position, responding to host cues as hosts move past or as wind direction changes, versus`ranging'¯ights, whereby host cues may be detected while the insect is in motion. Theoretical considerations of maximizing encounters with host cues suggest that wind dynamics play a critical role (Sabelis & Schippers, 1989) . Because directionally variable winds create wide swathes of odour, the optimal strategy for encountering such swathes is to¯y up-or downwind, and presumably downwind is energetically more ef®cient than upwind. In more constant conditions, odour plumes are longer and narrower, so¯ying crosswind maximizes the probability of encountering odour plumes.
Long-range olfactory responses. These are motor responses to host odours, which generally occur metres from the host, increasing the chances of encountering the odour source (the host), e.g. upwind¯ight, and orthokinetic and klinokinetic responses to entering and losing odour, such as changes in ight speed, turning angle and angular velocity (Kennedy, 1977) .
Visual responses and short-range responses to odour. These are changes in behaviour within the visual range of hosts, e.g. increased tendency to circle or land on objects, changes in ight speed and turning angle. The host-®nding sequence ceases with the insect alighting on the host, thus this paper does not consider probing and feeding responses. Our discussion starts with the higher Diptera, because this contains the Glossinidae which is by far the most studied family in relation to host-orientated behaviour, and thus serves as a paradigm.
Cyclorrhapha

Glossinidae
Both sexes of tsetse feed on their hosts (mainly Bovidae and Suidae) at 2±3 day intervals (Randolph et al., 1992) , taking a bloodmeal weighing » 40±80 mg (Taylor, 1976) , which is » 1± 2 times the fresh body weight of the tsetse. Blood provides all the energy, protein and water needed for maintenance and reproduction. The unusual metabolism of tsetse utilizes the amino acid proline as the source of energy for¯ight (Bursell et al., 1974) , whereas most other biting Diptera derive energy mainly from the carbohydrates of plant juices. Approximately every 9 days the female produces a fully grown larva which she deposits on the ground. The larva burrows and pupates, emerging » 20 days later as an adult.
The host-orientated behaviour of tsetse has been extensively studied and reviewed (e.g. Colvin & Gibson, 1992; Vale, 1993; Green, 1994; Torr, 1994a; Willemse & Takken, 1994) . Much of this work has concentrated on the responses of the Morsitans group of tsetse and in particular Glossina pallidipes Austen and Glossina morsitans morsitans Westwood, which are found in the savannas of east and southern Africa.
Activation and ranging behaviour. Tsetse are diurnal (Brady & Crump, 1978; et ante) , but their total daily¯ight time is < 30 min (Bursell & Taylor, 1980) . For the remainder of the day, they rest on branches and boles (Hadaway, 1977) or, when temperatures are > 32°C, in natural refuges, such as holes in trees. Vale (1971) developed arti®cial refuges to study this, and Torr (1988a) exploited them to study the initiation of hostorientated behaviour. Torr found that tsetse were activated to some extent by a visual stimulus moving at a similar angular velocity to a host walking past the refuge, and also by natural ox odour and carbon dioxide. Most tsetse, however, left the refuge in the apparent absence of any host stimuli, but rather in response to an endogenous rhythm of spontaneous activity modulated by nutritional condition, environmental temperature and falling light intensity (Brady, 1972a; Brady & Crump, 1978) .
In the laboratory, Brady (1972b) demonstrated an activation response to moving targets that was correlated with time since feeding. In the ®eld, Vale (1974a) demonstrated that tsetse were attracted to mobile visual baits, and that this response was greater for`hungry' tsetse. Thus, there is clear evidence that tsetse are activated by the visual stimulus of a host passing by.
Video studies of tsetse¯ying in the apparent absence of any host stimuli, and thus presumed to be`ranging' for a host, showed that they¯ew with a downwind bias under variable wind conditions, as predicted by Sabelis & Schipper (1989) .
Long-range olfactory responses. The importance of olfactory stimuli in host-location was established by the work of Vale in the early 1970s. Central to Vale's studies, and to much of the work that followed, was the electric net (Vale, 1974b) , which comprised a panel of ®ne black netting sandwiched between two grids of electrocuting wires 0.2 mm thick and 8 mm apart. These grids are virtually invisible to tsetse approaching at right angles to them Grif®ths & Brady, 1994) , thus by placing them near a bait, Vale was able to estimate the numbers of tsetse visiting a host. Vale (1974a) carried out a series of experiments, separating the cues that might be responsible for attracting tsetse. Live hosts were placed in a ventilated pit from which odours were released at ground level, and the numbers of tsetse attracted to a natural host, a visual model of a host, or just the smell of a host were compared. The results showed that » 90% of tsetse attracted to a stationary host were so in response to the host's odour. Further studies using ventilated pits showed that the numbers of tsetse attracted to a host were positively correlated with the host's body-mass, and, with the single exception of human odour, tsetse seemed to be equally responsive to the odours of all mammals, irrespective of their importance as hosts. Dose±response studies with odours from 0±60 000 kg hosts showed that 10-fold increases in body-mass resulted in » 2.5-fold increases in catch (Hargrove et al., 1995) . Vale (1977b) also showed that tsetse can probably detect the odour of a single ox from as far as 90 m downwind, and that » 80% of tsetse that encounter the odour of an ox arrive at the source (Vale, 1980b) .
A combination of random screening and chemical analysis of host odours using gas chromatography linked with electroantennography (GC-EAG) (Cork et al., 1990) , for example, resulted in the identi®cation of some ten components of host odour that in¯uence tsetse behaviour. The most active of these are: carbon dioxide and acetone (Vale, 1980a) , 1-octen-3-ol (henceforth termed octenol; Vale & Hall, 1985a) various phenols (Hassanali et al., 1986; Bursell et al., 1988) and butanone . When dispensed at the known natural doses, a synthetic blend of these is about half as effective as natural ox odour, indicating that other kairomones must also exist (Hargrove et al., 1995; .
Long-range olfactory responses ± Optomotor upwind anemotaxis. Wind-tunnel studies have shown that tsetse exhibit optomotor anemotaxis (Kennedy, 1977) in response to carbon dioxide (Colvin et al., 1989) , acetone, and octenol (Bursell, 1984a; Paynter & Brady, 1993) . Field studies using video and various arrangements of electric nets have indicated that tsetses¯y in odour at < 0.5 m above the ground (Torr, 1988b) at » 6 m/s (Gibson & Brady, 1985) , and that they orientate roughly upwind (Vale, 1974b; Gibson & Brady, 1988; Torr, 1988b) . Laboratory and ®eld studies using video suggest that upwind anemotaxis occurs in response to all the known attractants (Paynter & Brady, 1993; Brady & Grif®ths, 1993) , whereas ®eld studies using electric nets (Torr, 1988c (Torr, , 1990 Torr & Mangwiro, 1995) or visual observations (Bursell, 1987; Torr, 1988c) suggest that while there is a relatively strong response to odour containing carbon dioxide, the anemotactic response to the other attractants is weak.
On losing contact with odour, tsetse execute a reverse turn, which usually brings them back into the odour, and on reentering the odour they turn upwind (Gibson & Brady, 1988; Torr, 1988b) . This evidence suggests that they detect wind direction in¯ight, and alter their course accordingly. However, the proline-based metabolism of tsetse prevents them from ying for extended periods (Hargrove, 1975) . From direct observations of tsetse behaviour in the ®eld, Bursell (1984b) suggested that, after losing contact with odour, tsetse land, wait for variations in wind direction to bring the plume back to them and then take-off upwind when contact is re-established. Also that tsetse engage in an ¢aim then shoot¢ strategy, moving up the plume in a series of straight¯ights, the direction of which is set while on the ground.
By mark and recapture methods, directly measured the speed that tsetse navigate up an odour plume. About half of those that navigated successfully up the plume did so at a mean speed of » 4 m/s, and must therefore have travelled up the entire plume in approximately straight ight. The other half of the sample arrived with constant probability for at least 20 min after take-off. These tsetse were presumed to have lost the odour plume at some point, and had either landed and then continued up the plume when they recontacted the odour (as in Bursell's hypothesis above), or reverted to`ranging'¯ight.
Various laboratory studies have indicated that carbon dioxide, acetone and octenol elicit orthokinetic and klinokinetic responses (Gibson & Brady, 1988; Warnes, 1990; Paynter & Brady, 1993) . The ®eld evidence for this is poor, Gibson & Brady (1988) ®nding only a slight change in¯ight speed in response to host odours.
Several ®eld studies have shown that tsetse often¯y downwind within a plume at various distances downwind from the source (Vale, 1977b; Torr & Mangwiro, 1995) , and work in Kenya (Paynter & Brady, 1992) and Zimbabwe (Vale, 1998) indicates that tsetse movement may be constrained by dense local vegetation, so that they mainly¯y along game trails and through gaps in bushes. Taken together, the general impression of the odour-orientated responses of tsetse is a`rough and ready' mechanism, of fast, mainly upwind ight that rarely leads directly to the host . Williams (1994) modelled various host-seeking strategies ranging from accurate upwind anemotaxis to klinokinesis in which there was no directional information. The analysis suggests that upwind anemotaxis is ef®cient even with only a slight upwind bias, so that for tsetse starting 100 m downwind of the source with a 20±40% bias, close to 100% of tsetse arrived at the source in 300 s. For a fast-¯ying insect, such as tsetse, à biased random walk' strategy for locating odour sources may be optimal .
Visual and short-range olfactory responses. Laboratory studies of the structure and electrophysiology of the tsetse eye (Green & Cosens, 1983; Hardie et al., 1989; Gibson & Young, 1991) combined with ®eld studies of the visual responses of Glossina (Green & Flint, 1986; Green, 1986 Green, , 1988 Green, , 1989 Green, , 1990 Torr, 1989) provides one of the most comprehensive studies of the visual responses of biting Diptera. The structure of their eyes is similar to other diurnal higher Diptera, with an acute zone of high resolution suf®cient in principle for detecting wind drift in fast¯ight or for detecting cryptic hosts (Gibson & Young, 1991) . This is especially developed in males, presumably to chase females for mating (Brady, 1991) . Green & Flint (1986) demonstrated that the visual response to traps involves colour vision. The catches from a range of coloured traps were compared with catches from an achromatic series ranging from black, through various greys to white. Phthalogen blue traps caught signi®cantly more tsetse than any in the achromatic series, whereas yellow traps caught signi®cantly fewer. These responses to colour appear to be determined by spectral re¯ectivity in three different wave bands: ultraviolet, blue and green-yellow. Blue increases attractiveness while ultraviolet and green-yellow decreases it (Green & Flint, 1986; Green, 1986 Green, , 1988 . Crucial to the development of the most ef®cient traps was the additional discovery that black was the most favoured colour for landing (Green, 1986) . Sampling traps and killing targets exploit these two responses to colour; modern traps are usually phthalogen blue on the outside to attract the maximum number of tsetse, with black inside to maximize the proportion of tsetse which land on the entrapment area. Insecticide impregnated screens, by contrast, have large black areas to maximize landing and kill rates (Green, 1994) .
The size, shape and patterning of an object are also important. Increasing the size of a target increases the numbers of tsetse attracted to it (Hargrove, 1980) , compact shapes (squares and circles) are more attractive than elongated ones (vertical and horizontal rectangles) (Torr, 1989) and targets with stripes attract fewer Glossina than either all-black or allwhite targets (Gibson, 1992) . For G. m. morsitans, moving targets are 10-fold more attractive than stationary ones (Vale, 1974a) .
The ®nal approach to the host appears to be primarily controlled by visual cues. Vale (1974a) showed that tsetse were unable to locate the exact source of odour unless it was marked by a visual target, and Torr (1989) showed that tsetse¯ying upwind in host odour could be diverted by various targets; the probability of diversion varied according to the colour and shape of the target, but was unaffected by odour composition. Most tsetse¯ying towards a target¯y around it (Vale, 1983) , the probability of landing being affected by the presence of carbon dioxide (Vale & Hall, 1985b) , skin secretions (Warnes, 1995) , colour type and pattern (Green, 1986; Brady & Shereni, 1988; Doku & Brady, 1989; Gibson, 1992) , shape (Vale, 1974a; Torr, 1989) and size (Hargrove, 1980) .
Interspeci®c variation.
The preceding summary of tsetse behaviour refers primarily to G. pallidipes and G. m. morsitans in Zimbabwe and Kenya. There are, however, large interspeci®c variations.
First, there are interspeci®c differences in the diurnal activity patterns of Glossina, with the Palpalis group of species being strongly diurnal with activity in the middle of the day, the Morsitans group being diurnal but with less midday activity, and the Fusca group being strongly crepuscular (Crump & Brady, 1979; Hargrove & Brady, 1992; Kyorku & Brady, 1994) .
Second, there are marked interspeci®c differences in the olfactory responses of tsetse. Baiting a stationary trap or electri®ed target with the odour from an ox increases the catch of the Morsitans group (G. pallidipes and G. m. morsitans) and Fusca group (Glossina longipennis Corti) species 10-fold (Vale, 1974a; Makumi et al., 1996) , whereas the catch of the Palpalis group of tsetse is only doubled (Me Ârot et al., 1986) . There are related differences in the response of tsetse to acetone, octenol and phenols (Table 2) . Generally, the Morsitans and Fusca groups appear the more responsive to olfactory stimuli, but there are notable exceptions. Glossina austeni Newstead, a member of the Morsitans group, does not respond consistently to the known host kairomones apart from carbon dioxide, and the odour from an ox only doubles the catch (Kappmeier, 1997, and unpublished data) . Brightwell & Drans®eld (1997) caught signi®cantly more male G. austeni in traps baited with acetone and cow urine than in unbaited traps, but the response of females was less clear. Its responses are thus more akin to those of the Palpalis group, and it is intriguing that this species is regarded as an aberrant member of the Morsitans group on morphological and cyto-genetic grounds (Jordan, 1993) . There are also indications of intraspeci®c exceptions in host-orientated behaviour, with G. pallidipes in Somalia being less responsive to host-odours than the same species in Zimbabwe or Kenya Baylis & Nambiro, 1993) .
Muscidae
This family includes the haematophagous genera Stomoxys (stable-¯y) and Haematobia (horn-¯y). Stomoxys spp. are a common nuisance pest of cattle (Patterson, 1989; Crosskey, 1993a) and are also frequently sympatric with various species of Glossina. Consequently, the host-orientated responses of this genus have been particularly well studied.
Activation and ranging behaviour. Laboratory studies show that Stomoxys calcitrans L. activity is endogenously controlled with an underlying U-shaped diurnal pattern (Scho®eld & Brady, 1996) similar to that of tsetse. In the ®eld, there is a late-afternoon peak in the arrival of Stomoxys spp. at a bait (Groenendijk, 1996; Mihok et al., 1996; Scho®eld, 1996) , and there is a similar pattern in the catch of Stomoxys spp. from an unbaited electric net (Groenendijk, 1996) , suggesting that Stomoxys spp. engage in some form of host-ranging.
In the laboratory, S. calcitrans is activated by expired human breath (Warnes & Finlayson, 1985a) , carbon dioxide and acetone (Warnes & Finlayson, 1985a; Scho®eld, 1996) .
Long-range olfactory responses. Baiting a target with the odour from a single ox increased the catch of Stomoxys spp. c. 10 times (Vale, 1980a) but, unlike tsetse, increasing the dose of ox odour from 500 kg (= one ox) to 12 000 kg of oxen had no signi®cant effect . A target baited with 2.5 litres/min of carbon dioxide (roughly equivalent to the amount produced by an ox) caught 66% of the catch of a target baited with ox odour. Vale & Hall (1985a) found that passing ox odour through a charcoal ®lter signi®cantly reduced the catch of Stomoxys spp., suggesting that kairomones other than carbon dioxide are present in ox odour.
Electroantennagrams from S. calcitrans exposed to a number of candidate host kairomones, recorded consistent and signi®cant responses to octenol, 3-methylphenol and various alcohols, but none to various volatile fatty acids, acetone or 4-methylphenol (Scho®eld et al., 1995) . Warnes & Finlayson (1986) also detected signi®cant electroantennagraphic responses to carbon dioxide, octenol and acetone.
Several workers have studied the behavioural responses of Stomoxyinae to various components of host odour in the ®eld, mostly concentrating on those chemicals that have been effective with tsetse. Holloway & Phelps (1991) and Mihok et al. (1995 Mihok et al. ( , 1996 both showed that baiting traps with octenol signi®cantly increased the catch of Stomoxys spp. Vale & Hall (1985a) and Mullens et al. (1995) , on the other hand, concluded that there was no signi®cant response to octenol. Some studies that report signi®cant effects do not demonstrate a consistent response; Holloway & Phelps (1991) found that octenol dispensed alone increased the catch of S. calcitrans signi®cantly, but was not effective when dispensed with various phenols, and Mihok et al. (1995) reported signi®cant increases in catch in only two out of four experiments. None of the phenols or ketones known to be attractants for tsetse, or urine and/or dung from a variety of hosts including cattle, buffalo and camels appear to be signi®cant attractants for Stomoxys spp. (Holloway & Phelps, 1991; Mihok et al., 1995) .
Laboratory studies with S. calcitrans have demonstrated anemotactic responses to carbon dioxide, octenol and acetone (Warnes & Finlayson, 1985b; . reported changes in orthokinetic and klinokinetic responses to carbon dioxide, and similar but less clear responses to acetone and octenol. Thus, although only carbon dioxide and octenol have been shown to attract Stomoxys spp. in the ®eld, electrophysiological and/or windtunnel studies demonstrate responsiveness also to acetone and some phenols.
Visual and short-range olfactory responses. As with most biting Diptera, Stomoxys spp. show peaks of spectral sensitivity at 350±365 nm, 450±500 nm and 625±640 nm (Agee & Patterson, 1983) . Holloway & Phelps (1991) found that a phthalogen blue target attracted three times more Stomoxys spp. than Alsynite ®breglass panels, and Scho®eld (1996) found that a phthalogen blue target caught three times more Stomoxys spp. than a black one.
With the exception of Scho®eld (1996) , there are few published ®eld studies concerned speci®cally with the hostorientated behaviour of Stomoxys spp. Moreover, different workers have used different traps, thereby making direct comparisons between studies dif®cult and inferences about insect behaviour problematic (see the Discussion section). However, unpublished data from experiments directed at tsetse suggest two intriguing differences between the behaviour of tsetse and Stomoxys spp. First, tsetse locate a source of host odours (acetone, octenol and carbon dioxide) more readily if a visual target is present; only 10% of responding tsetse arrived at the source with no target present, compared to 45% with a target (Torr, 1989) . For Stomoxys spp., in the same experiment, however, 29% and 27% were caught at the odour source in the presence or absence of the target, respectively.
Second, there is a difference in the response to shapes. In two-choice experiments, a vertical and horizontal rectangle were equally attractive for tsetse (Torr, 1989) , whereas for Stomoxys spp., the horizontal rectangle was four times more attractive than the vertical one. In a further experiment, various black targets (0.56 m 2 surface area) were baited with acetone and octenol, and suspended 0.5 m upwind of an electric net (S. J. Torr, unpublished data). The total catch of Stomoxys spp. decreased in the order: horizontal rectangle > circle > square > vertical rectangle; compared to circle > square > horizontal rectangle > vertical rectangle for tsetse.
Stomoxys spp. exhibit many of the short-range responses commonly exhibited by diurnal biting Diptera. The propensity to alight on a target is greater: the larger the target (Bidgood, 1980; Brady & Shereni, 1988; Scho®eld, 1996) ; in the presence of host odour, carbon dioxide or acetone (Gatehouse & Lewis, 1973; Scho®eld, 1996) ; on dark surfaces (Gatehouse & Lewis, L Table 2 . Catch index for different species of Glossina responding to synthetic attractants other than carbon dioxide. Catch index is the catch of a trap baited with the attractant expressed as a proportion of an unbaited trap (P < 0.05); ns = no signi®cant increase in catch; asterisks indicate signi®cant effect in the presence of other attractants only. Device: T = trap, N = electric net + visual target. Odours: A = acetone, O = octenol, P = phenols. 1973; Agee & Patterson, 1983; Scho®eld, 1996) and less on striped targets (Brady & Shereni, 1988; Scho®eld, 1996) .
Brachycera
Tabanidae
The Tabanidae comprise some 4000 species, and include some of the largest biting¯ies, commonly called horse-¯ies, deer-¯ies and clegs. The only human pathogen known to be transmitted cyclically is Loa loa (by Chrysops spp.), although tabanid species have been incriminated in the mechanical transmission of several parasites of human and veterinary signi®cance (Chainey, 1993) . Tabanidae are mainly diurnal and only the females take blood, and then only for egg production. In temperate zones they are abundant in the summer, and in the tropics they mainly appear in the wet season (Lehane, 1991) .
In Africa, many species of Tabanidae are sympatric with Glossina spp. and thus much of our understanding of their host-orientated responses has arisen by the incidental presence of Tabanidae in tsetse experiments. In North America, Tabanidae are more often the subject of investigation in their own right. However, the large number of species, their wide distribution and the variety of experimental approaches used, contribute to the lack of a cohesive understanding of their hostorientated behaviour.
Activation and ranging behaviour. Studies in Zimbabwe suggest that Tabanidae employ both`ranging' and`sit and wait' strategies. In Zimbabwe for instance, Groenendijk (1996) reported a midday peak of activity for Philoliche (Stenophora) zonata Walker from unbaited electric nets, as well as from targets and an ox. The unbaited electric nets presumably caught ranging¯ies.
There is also good evidence that some Tabanidae are more responsive to moving targets than to stationary ones. In Zimbabwe, for instance, Phelps & Vale (1976) reported a greater handnet catch of P. zonata from a mobile ox than from a stationary one, Phelps & Holloway (1992) found that catches from a mobile ox comprised mainly Philolichini, and Groenendijk (1996) caught c. nine times as many P. zonata from a mobile ox as from a stationary electri®ed target baited with acetone, octenol and phenols.
Differences in the catch composition of Tabanidae from stationary baits (odour-baited electric nets) and mobile baits (handnet catches) could be due to differences in the capture ef®ciency of particular species by the different catching techniques. The persistent dominance of P. zonata, however, in all mobile baits, especially when the same capture method was used for both (Phelps & Vale, 1976) , suggests that the difference in catch composition re¯ects different feeding strategies, with Philolichi mainly employing a`sit and wait' strategy, responding to hosts as they pass by Long-range olfactory responses. Some of the more basic information on the odour-orientated responses of Tabanidae has come from Africa. To gauge the relative importance of olfactory and visual stimuli in host location, Vale & Phelps (1974) compared the catch of Tabanidae from a complete ring of electric nets (3 m high and 8 m in diameter) with nothing in the ring, a visual target, ox odour on its own, or a target plus ox odour. Tabanidae were attracted to the visual and olfactory stimuli alone, but the catch was greatest when both stimuli were present. They suggest that olfactory stimuli were used for long-range orientation and that the visual stimuli were used for the precise location of the host.
Subsequently, Phelps & Vale (1976) placed an electric net 4±120 m downwind of an ox and recorded the numbers of Tabanidae caught on the upwind and downwind sides of the net. The data showed that P. zonata orientated upwind in response to host odour up to » 80 m downwind of the host, compared to » 15 m for Tabanus spp. Whole odour from a single ox or ten men increased the catch of P. zonata from an electric target » 35-fold, and this increase appeared to be due to odours contained in the breath rather than body-odour or rumen gases (Phelps & Vale, 1976) . Carbon dioxide dispensed at rates of up to 3 litres/min increased the catch » 30-fold, suggesting that much, if not all the increase was due to carbon dioxide in the breath of the ox. found that catches of Tabanus taeniola Palisot de Beauvois and T. pertinens Austen from an electric net, placed downwind of a target, increased linearly up to a bait mass of 3500 kg (equivalent to seven oxen), but with no further increase thereafter. For the Mashona cattle used in this experiment, this would have been equivalent to » 18 l/min of carbon dioxide. Vale (1980a) , using a similar protocol, found a 10-fold increase in the catch of Tabanidae when an electric net plus a target was baited with carbon dioxide dispensed at 20 litres/min, and Vale & Hall (1985b) showed that catches of Tabanidae from a`Beta' trap increased eight-fold as the dose of carbon dioxide was increased from 0.02 to 20 litres/min.
In North America also, there is widespread evidence that Tabanidae respond to carbon dioxide, although the traps used here were quite different from the ones used in Africa. Examples include: canopy traps baited with dry ice increased the catch of T. molestus Say (French & Kline, 1989) , T. americanus Forster, T. fuscicostatus Hine, T. lineola F., T. wilsoni Pechuman, Leucotabanus annulatus Say (LePrince et al., 1994) and of T. quinquevittatus Wiedemann (LePrince & Jolicoeur, 1986) . Kline et al. (1991a) found that the catch of Diachlorus ferrugatus F. increased 100-fold when CDC (Center for Disease Control) light traps were baited with carbon dioxide (2 litres/min).
Malaise traps baited with carbon dioxide (3.5 litres/min) were as effective as those baited with odour from a 550 kg ox (Roberts, 1972) , suggesting that most of the response to host odour was due to carbon dioxide. In Canada, McElligott & McIver (1987) , using arrangements of ramp traps, estimated that the effective range of a 1-litre/min source of carbon dioxide was 3±7 m for Hybomitra spp.
In addition to carbon dioxide, a number of other kairomones have been identi®ed, largely by screening known tsetse attractants for their effect on Tabanidae. The results (Table 3) show that octenol and phenols are effective attractants for species of Tabanidae in America and Africa, but no ketones (including acetone) have had a signi®cant effect on trap catches. In West Africa, baiting traps with 3-methylphenol increases the catch of Tabanidae , whereas 4-methylphenol is effective in southern Africa (Phelps & Holloway, 1992) . This difference is intriguing, but it is not clear whether this is a real biological difference: in west Africa, the tsetse G. tachinoides Westwood is more attracted by 3-methylphenol than 4-methylphenol (Me Ârot et al., 1988) , whereas the reverse is true for G. pallidipes in east and southern Africa . We are not aware of any studies that have determined whether the apparent geographical difference in the responses of west and southern African Tabanidae to 3-and 4-methylphenol is real, or whether it simply re¯ects the fact that the entomologists, working primarily with tsetse, tested only those chemicals that were readily available.
Visual and short-range olfactory responses. Tabanidae are attracted to unbaited visual targets, and appear to use visual stimuli to locate hosts in much the same way as tsetse (Allan et al., 1987) . The visual range of attraction of an ox appears to be » 15 m for Tabanidae in Zimbabwe (Phelps & Vale, 1976) . There is evidence that they are sensitive to colour; Browne & Bennett (1980) showed that greater numbers of Tabanidae were caught with blue, black and red sticky targets compared with yellow ones. The presence of black within a trap increased catches of various species of Tabanidae in Zimbabwe (Phelps & Holloway, 1992) and in Bolivia (M. J. R. Hall, unpublished data). Hall found that not only were blue canopy traps more effective than black ones, but also, like Glossinidae, Tabanidae landed on black surfaces in preference to blue ones. Although these data are suggestive of true colour responses similar to those of tsetse, none of the studies included a monochromatic series of targets to establish this unequivocally.
The visual responses of Tabanidae are also similar to those of tsetse in the following ways: M. J. R. Hall (unpublished data) found, in Bolivia, that most (» 85%)¯ies circle a target rather than land on it, Phelps & Vale (1976) found that a mobile horizontal rectangular target caught more Tabanidae than a vertical one did, and Bracken et al. (1962) and Parsons (1972) obtained similar results for stationary baits. Tabanidae are highly selective for biting sites on hosts (Mullens & Gerhardt, 1979; Waage & Davies, 1986; Phelps & Holloway, 1990) , suggesting that surface host cues play a role in the ®nal approach.
Nematocera
Nematocera are characteristically more delicate than the other Diptera, having softer, more slender bodies, lighter mass and slower¯ight speeds. The¯ight speed of mosquitoes and sand¯ies is generally » 1 m/s, an order of magnitude less than tsetse (Gillies & Wilkes, 1981; Gibson & Brady, 1988; Killick-Kendrick et al., 1986; Gibson, 1995) . Accordingly, odour plume following is limited to relatively low wind speeds.
Adult males and females obtain energy and nutrients for their somatic requirements from nectar and other plant sources. Females only require blood for egg production. The males of some species are also attracted by host odours, presumably to bring them into contact with conspeci®c females for mating (McIver, 1980) . Bloodmeals are taken at intervals of as little as 2±3 days in the tropics, although female survival does not depend on it. Host-orientated behaviour is mainly limited to the crepuscular periods (dawn and dusk) and night, when conditions are more favourable for nematocerans generally: more quiescent hosts and lower windspeeds, although carbon dioxide levels tend to be`noisier'. Even the most diurnal species mainly remain under cover of vegetation or in shady areas, presumably for protection from predators and desiccation.
Culicidae
Mosquitoes have evolved a wide range of host-orientated responses (Service, 1993a,b) . The reviews by Gillies (1980 Gillies ( , 1988 , Sutcliffe (1987) , Takken (1991) and Cork (1996) provide an excellent background to research on host-orientated L behaviour. Below, therefore, we discuss only recent advances in the identi®cation of host stimuli. The degree of association between mosquitoes and their hosts is extremely varied. Some species are generalists, feeding on a range of hosts, while others are specialists, e.g. ornithophilic (bird feeders), zoophilic (mammal feeders) or, more speci®cally still, anthropophilic (human feeders). Host preference may play a more important role in de®ning hostorientated behaviour than previously recognized. The range of attraction to host cues, the relative importance of carbon dioxide and other components in host odour, and the visual and short-range behaviour near hosts are all likely to be speciesspeci®c (Gillies, 1972) . Much of the early work focused on Aedes aegypti, a species that can be persuaded to feed on anything from cows to caterpillars (Gillies, 1972 )! Recent advances in ®eld techniques, however, and a greater availability of colonized species have made it possible to broaden the range of species studied.
Activation and ranging behaviour. The circadian rhythm of spontaneous activity for several species has been recorded (Jones & Gubbins, 1978; Chiba et al., 1992 , and references therein), and is well-correlated with the timing of various behaviours observed in the ®eld (Gillies, 1988) . For Anopheles gambiae s.l., the peak of spontaneous activity in mated females occurs a few hours before the peak of biting in the ®eld, which probably relates to the time it takes an activated female to locate a host (Gillies, 1988; Healy & Copland, 1995) . The biting cycles of vectors of human pathogens match the sleeping patterns of humans more closely than nonvector species (Gillies, 1988) , another indication of the close association between vector and host.
It has been known for some time that host odour components, especially carbon dioxide, activate mosquitoes (Gillies, 1980) . As little as 0.01±0.03% carbon dioxide activates resting Ae. aegypti (Eiras & Jepson, 1991) and An. gambiae s.s. (Healy & Copeland, 1995) . Lactic acid and human sweat samples enhance the activation effects of carbon dioxide, although they are ineffective on their own (Eiras & Jepson, 1991) .
Long-range olfactory responses ± Limitations of techniques.
Although the search for mosquito attractants extends back over at least four decades, progress has been slow. This is due, in part, to the lack of methods for observing behaviour without signi®cantly altering the immediate environment of the insects. The use of electric nets, so essential to the tsetse discoveries, is limited for mosquitoes by several factors, e.g. high humidity can cause electrical problems, nets can be detected by slow¯ying insects and nets interfere with the natural course of odour plumes at low windspeeds (M. T. Gillies & R. Killick-Kendrick, pers. comm.). Knols et al. (1998) have shown, however, that the potential use of electric nets has not been fully explored. In laboratory wind-tunnels, mosquitoes¯y upwind even in clean air, making it dif®cult to assay responses to test odours, although several new designs show promise (Eiras & Jepson, 1991; Knols et al., 1994; Healy & Copland, 1995) .
In the ®eld various types of light trap have been used to test attractants. Unfortunately, their very design limits their ef®ciency with odour baits. Once insects have been attracted to the light at the top of the trap, a suction fan pulls them into a collecting device. Although attractant odours may increase the number of mosquitoes arriving in the vicinity of the traps, air currents created by the suction fan do not lead insects to the trap entrance, but to the bottom of the trap, thereby probably limiting catch ef®ciency. In principle, ramp traps are more appropriate, in that they are designed to intercept mosquitoes as they orientate towards distant odour sources. Unfortunately, they probably also interfere with the natural structure of odour plumes. One alternative, the odour baited entry trap (OBET), has proven to be effective, particularly for house-entering mosquitoes (Costantini et al., 1993) ; odour-laden air draws mosquitoes into a lobster-type trap, from which it is dif®cult to escape.
Long-range olfactory responses ± Carbon dioxide. Carbon dioxide appears to be universally attractive to mosquitoes, and is probably the most well-understood of the volatile host cues. In addition to being activated by carbon dioxide (see above), mosquitoes are attracted to a source of carbon dioxide in wind tunnels (even in the absence of other host odours). It enhances the catch size of virtually any type of trap when used as a bait; it enhances the attractiveness of whole host odour and some components of host odour; it induces attraction to some chemicals which are not attractive on their own; the range of attraction increases with dose; and removal of carbon dioxide from human breath decreases attraction to the host (Gillies, 1980; Takken, 1991; Cork, 1996; Costantini, 1997; .
There is evidence that certain aspects of the response to carbon dioxide are related to host preference. Using ramp traps in North America, McIver & McElligott (1989) found that the attraction of zoophilic species increased with increasing dose of carbon dioxide, but did not do so for the more ornithophilic species, consistent with earlier studies with African species (Gillies, 1972) . More recently, carbon dioxide-baited OBETs in West Africa showed that, although the dose±response curves for catch size were similar for all species, the highest dose of carbon dioxide did not attract more An. gambiae (a highly anthropophilic species) than a human bait would have, whereas even the lowest dose caught more Mansonia uniformis (a generalist species) than a human bait would (Costantini et al., 1996) . This suggests that specialist species are more responsive to hostspeci®c odours (i.e. odours other than carbon dioxide) than are generalist species. found that in East Africa, An. gambiae s.l. appear to be even less attracted to carbon dioxide than in West Africa, although the methods used were not the same in the two studies. In South Africa, Dekker & Takken (1998) found that the zoophilic sibling species in the An. gambiae complex, An. quadriannulatus, was more attracted to carbon dioxide than was the more anthropophilic sibling, An. arabiensis.
Long-range olfactory responses ± Other host odours. Some 300±400 compounds have been identi®ed from human body emanations, and the relative amounts of these vary from one person to the next (Cork & Park, 1996) . Although human sweat is known to be attractive to several Culicidae spp., until recently, the only active component of sweat identi®ed was lactic acid, at least for Ae. aegypti. The ef®cacy of lactic acid is enhanced, apparently, when presented in combination with other components of human odour (Eiras & Jepson, 1991 Geier et al., 1996; Cork, 1996 for older references). Studies with Ae. aegypti have shown that some of the other components of human sweat induce electrophysiological activity and/or are attractive in laboratory bioassays (Eiras & Jepson, 1991; Cork, 1996) . More recently, Cork & Park (1996) have shown that An. gambiae s.s. antennae produce a strong dose-related electro-anntenogram (EAG) response to octenol and 4-methylphenol, and an EAG response of similar strength to the shorter-chain aliphatic carboxylic acids (C1-C8), all components of human sweat.
There have been several laboratory-based studies of behavioural responses to components of host odour. By observing all stages of host-orientated behaviour in Ae. aegypti, from activation through orientation to landing, in the presence of test chemicals, Eiras & Jepson (1991) have highlighted the pitfalls of earlier studies, which mainly focused on single stages in isolation. Extracts of whole mouse odour, which did not include carbon dioxide or other highly volatile chemicals, elicited highly signi®cant responses in another study of Ae. aegypti (McCall et al., 1996) . Following their demonstration that An. gambiae s.s. fed predominantly on the feet of a human volunteer (see below; de Jong & Knols, 1996) . Knols & de Jong (1996) and Knols et al. (1997) have gone on to show that this species is attracted by the volatile odours from Limburger cheese, used as an analogy to human foot odour. These studies have been followed-up by Andreasen (1997) , who found that placing recently worn socks next to a membrane bloodfeeding device enhanced feeding and fecundity in laboratory colonies of An. gambiae s.s. and An. stephensi.
Long-range olfactory responses ± Field-testing of attractants. Most of the recent ®eld studies on mosquito attractants have been aimed at testing the ef®cacy of proven tsetse attractants in standard mosquito light traps, CDC and EVS (encephalitis virus surveillance; Service, 1993a) . Many workers who have tested attractants are mostly responsible for monitoring vector populations, and rarely have the resources for identifying attractants de novo. Unfortunately, as mentioned above, light traps are not the optimal design for odour baits; nonetheless, information obtained with them is valuable. Light trap studies, some with and some without the original light, have consistently found increased catches with carbon dioxide and octenol, although it must be emphasized that the range of chemicals tested is relatively small.
A series of studies in North America has shown, with unlighted CDC traps, that octenol alone is attractive to only a few species, that a mixture of carbon dioxide and octenol is synergistically attractive to many species of Aedes, Anopheles, Psorophora, Coquillettidia and Mansonia, increasing the catch by two or more times (Takken & Kline, 1989; Kline et al., 1990a,b; 1991a,b; Kline & Lemire, 1995) . The ef®cacy of carbon dioxide plus octenol was increased when the odour source was heated (Kline & Lemire, 1995) . Ornithophilic species of Culex do not generally respond well to octenol alone or in combination with carbon dioxide. The results for anopheline species are less clear than for other groups. In particular, the response of An. crucians and An. quadrimaculatus differ with time and place, and may be related to the fact that these are actually species complexes (Kline et al., 1990b) . Kline et al. (1990b) also found seasonal differences in the responses of some species, perhaps related to the observed changes in host preference with season. Meyer et al. (1991) tested the ef®cacy of carbon dioxide dry ice bait in different habitats, and found that the catch was markedly increased by placing the traps in particular types of vegetation, according to the target species.
The overall success of virus detection in vector populations with low infection prevalences was markedly improved by baiting EVS traps with octenol and carbon dioxide. Early studies showed that EVS catches can be increased by baiting them with small animals or carbon dioxide (Service, 1993a) . In a study by Kemme et al. (1993) , octenol on its own was not highly effective, but carbon dioxide alone was attractive for the four major species [Ae. funereus (Theobald), Culex sitiens Wiedemann, Cx annulirostris (Skuse) and the Australian salt marsh mosquito Aedes vigilax (Skuse)]. Ae. vigilax also responded synergistically to carbon dioxide plus octenol, as did the American salt marsh mosquito, Ae. taeniorhychus (Wiedemann) (Takken & Kline, 1989) . Although octenol was not effective for two species of Culex, as expected from previous studies, neither of these is thought to be ornithophilic (Kemme et al., 1993) .
A study of European culicine species in the Upper Rhine Valley [Ae. vexans (Meigen), Ae. rossicus Dolbeskin et al., Ae. cinereus Meigen and Cx pipiens L.] showed that traps baited with carbon dioxide alone or with carbon dioxide plus octenol caught signi®cantly more mosquitoes than those baited with octenol alone or with no odour. Carbon dioxide alone or carbon dioxide with light caught signi®cantly more mosquitoes than unbaited or light only traps. There was no synergy between carbon dioxide and octenol or light. A live host bait (hamster) increased the catch above carbon dioxide only after the animal had been in its cage for 3±4 days (Becker et al., 1995) .
The method used most often to monitor malaria mosquitoes is the human biting/landing catches (HBC). Apart from the ethical problems of using HBC in areas of high disease transmission, there are also technical problems with standardization and costs. Lines et al. (1991) demonstrated that unbaited CDC light traps are a reasonable alternative to HBC in Tanzania, but there are doubts about how applicable CDC traps are elsewhere, and the nature of the behavioural response to the light is unclear. Working with malaria vectors in South America, Rubio-Palis (1996) found that updraft ultra-violet (UV) light traps baited with carbon dioxide plus octenol were at least as effective as unbaited CDC light traps in Tanzania. Unfortunately, the ratio of vector species was not wellcorrelated with that in the HBC, and therefore the baited trap was found to be unacceptable. Van den Hurk et al. (1997) also found that the optimal bait for Anopheles farauti Laveran (a malaria vector in the Paci®c basin) in CDC traps was a combination of carbon dioxide and octenol.
OBETs baited with the odours of human subjects alone do, however, catch samples of An. gambiae s.s. and An. arabiensis (sibling species and important malaria vectors) that are reasonably well-correlated with contemporary HBCs and CDC catches in West Africa (Costantini, 1997) . These results are encouraging, because they demonstrate that it is possible to sample an appropriate fraction of the mosquito population with a nonsuction trap, baited with human odours. What remains is to identify a suitable arti®cial odour bait.
HBCs are also used to monitor arbovirus vectors in Australia. Jones et al. (1991) ) found that the ®ve dominant species were similarly ranked by HBC and carbon dioxidebaited EVS traps, and seasonal abundance was relatively wellcorrelated for three of the species. Unfortunately, baited EVS traps were less good at detecting short-term¯uctuations, which are used to detect changes in disease risk to humans. For annual surveillance, however, baited EVS traps are thought to be satisfactory (Dhileepan, 1996) .
Long-range olfactory responses ± Host preference. In West Africa, Costantini et al. (1998) used OBETs to measure the relative difference in attractiveness of two hosts, a human and a calf, of roughly equal mass. A standardized amount of carbon dioxide was released from each host odour-baited trap. Only the anthropophilic species`chose' the human-baited trap with greater than random frequency, while the generalist species chose randomly. Anopheles arabiensis is considered to be rather less anthropophilic than its sibling species An. gambiae s.s. (White, 1974) . The ratio of An. arabiensis to An. gambiae s.s. in the human-baited OBET was more or less equal, but in the calf-baited OBET, the ratio was 92% to 8%, respectively, indicating that the method is a highly sensitive bioassay for host preference.
Several recent studies have con®rmed earlier suggestions that there is a real difference in the relative attractiveness of the odours of particular people (Lindsay et al., 1993; Knols et al., 1995; Costantini, 1997) , which may yet help lead to the identi®cation of the active compounds in human odour.
Visual and short-range olfactory responses. The eyes of adult mosquitoes have relatively poor resolution, » 12°for Ae. aegypti (compared to » 2°for tsetse, Gibson & Young, 1991) , but high overall sensitivity (Muir et al., 1992b) . The resolution of a typical nocturnal species (An. gambiae s.s.) is very much worse, at > 40°, but with even greater sensitivity (Land et al., 1997) . The other species that have been investigated appear to ®t within this range (Sato, 1953a (Sato, , b, 1957 (Sato, , 1958 (Sato, , 1961 .
The extreme sensitivity of mosquito eyes has long been known from behavioural evidence of their ability to manoeuvre in star-light conditions (Bidlingmayer, 1994) , even in far-red light (Gibson, 1995) , wavelengths to which they are apparently only minimally sensitive (Brammer & Clarin, 1976; Muir et al., 1992b) . This enhanced light sensitivity allows mosquitoes to follow host-odour plumes even at low light intensities by optomotor anemotaxis (a mechanism ®rst demonstrated by Kennedy (1940) in Ae. aegypti). Although other methods of odour source location, such as`sur®ng the boundary layers' (Gillet, 1979) , or following convection current gradients near the host, are possible, they may rarely be required.
Diurnal species respond to visual characteristics of hosts, such as colour/brightness, pattern, shape and movement (Allan et al., 1987) . Muir et al. (1992a) showed, in Ae. aegypti, that the attractiveness of coloured targets is probably related to the mosquito's spectral sensitivity. However, in tsetse, colour vision has yet to be demonstrated conclusively.
Nocturnally active mosquitoes show speci®c responses to conspicuous objects and barriers (Bidlingmayer, 1994) . Even in the absence of hosts, the females of some species were attracted to conspicuous objects from as far as 15±20 m away. Interpretation of the behaviour of a species near an odour source must take into account whether or not that species typically feeds indoors or outdoors. Snow (1987) found that house entry was controlled by the readiness with which a species would¯y up a vertical barrier, and secondarily to their tendency to enter narrow openings. Once mosquitoes have entered a dwelling, the short-range stimuli of the host itself can be detected.
The cues used by mosquitoes to land on or near hosts are the least well understood, and yet they must control behaviour near to odour sources and trap entrances. Early studies showed that mosquitoes respond to humidity and temperature gradients associated with convection currents (see the review by Takken, 1991) , which are apparently not used by tsetse and other diurnal Diptera. More recently, Eiras & Jepson (1994) con®rmed, with Ae. aegypti, that convection currents alone were attractive, that both lactic acid and sweat enhanced the number of landings in the presence of carbon dioxide, and that a human hand was signi®cantly more attractive than the best combination of the components tested. Takken (personal communication) showed that there is a strong response to continually changing humidity currents in a wind tunnel, perhaps mimicking the structure of a real convection current.
Comparative studies on the landing site preferences of a range of mosquito species, from generalist to specialist in their host preference, have shown that olfactory cues emanating from particular areas of the human body enhance landing on those areas for the specialist species, whereas generalists feeders land at random (de Jong & Knols, 1996) .
Ceratopogonidae
Biting midges generally breed in damp, swampy areas with rotting vegetation. They are amongst the smallest bloodfeeders, usually 1±2 mm in length and the largest less than 4 mm. Medically and economically important species come under four genera, but the largest genus is Culicoides, including more than 1000 species world-wide, of which approximately 50 have been implicated as vectors of pathogens. They feed on humans and other vertebrates. Most species are diurnal, although the human biters tend to be crepuscular, and rarely feed indoors (Boorman, 1993) .
The most extensive study on host-orientated behaviour was carried out on the Scottish biting midge, Culicoides impuntatus Goetghebuer. This species is autogenous, laying the ®rst and largest egg batch without a bloodmeal. Thereafter, parous females feed opportunistically on a range of hosts, including cattle, sheep, deer, small mammals and humans. Following the discovery that parous females are attracted to other live females and to extracts of parous females, which could play a role in host ®nding (Blackwell et al., 1994) , Blackwell et al. (1996) recorded electrophysiological and behavioural responses to octenol at a range of doses, and obtained increased trap catches in the ®eld using octenol baits at a relatively low dose of 0.11 mg/day. When used together in baited traps, octenol and female midge odours interacted to attract or repel females, depending on the relative doses of each chemical.
Information on other species of biting midge has been collected during ®eld studies on mosquitoes. Carbon dioxide increases the catch of certain species when used with sticky traps, suction traps or light traps. Takken & Kline (1989) and Kline et al. (1994) found that Culicoides furens Poey is attracted by carbon dioxide and octenol, and that the two combined have a synergistic affect on trap catches. Kline et al. (1990a) found that C. furens is also attracted by both lactic acid and phenols. These studies used the relatively high release rate of 2±3 mg/h of octenol.
Phlebotominae
There are more than 700 species of phlebotomine sand¯ies, although only 10% of these are known to be vectors of pathogens. Sand¯ies are mainly known as vectors of Leishmania, protozoan parasites that give rise to various forms of leishmaniasis. The main vectors are of the genera Phlebotomus in the Old World, and Lutzomyia in the New World. With the exception of a few examples of autogeny, female sand¯ies require bloodmeals for egg development. They are crepuscular/nocturnal and mainly zoophilic, although several peri-domestic species that normally feed on humans and other mammals, will readily feed on poultry. Sand¯ies inhabit a wide range of habitats, from tropical rain forest, to semidesert. They are protected from desiccation as larvae by hatching and feeding in soil, and as adults by feeding at night. Their small size allows them to exploit microhabitats for daytime resting sites, such as tree holes, undergrowth, rock crevices, animal burrows and human dwellings (Lane, 1993) .
Using electric nets, baited with odour from humans, in a tent in the south of France, Killick-Kendrick et al. (1986) showed that Phlebotomus ariasi Tonnoir were attracted by host odours alone. The olfactory responses of one species in particular, Lutzomyia longipalpis Lutz & Neiva, the main vector of leishmaniasis in South America, have been investigated more extensively. Although the primary hosts and main reservoirs of parasites are the fox in forests and the dog in peri-domestic habitats, L. longipalpis feeds opportunistically on dogs, cattle, pigs, horses, birds, humans and opossums, and its host preference varies with geographical location (see Dougherty et al., 1998 for references).
Initially, it was found that females are attracted to hosts or physical structures near hosts by sex pheromones produced by conspeci®c males lekking on and near hosts (Morton & Ward, 1989a) . Laboratory studies have also found that females are attracted to odours from live hosts (Morton & Ward, 1989b) and to some host volatiles (human skin odour, Hamilton & Ramsoondar, 1994; hamster odour, Oshaghi et al., 1994) , including carbon dioxide, but not to other components, such as hamster urine or the chicken uropygial gland (Nigam & Ward, 1991) . Temperature and humidity gradients also play a role in host location (Nigam & Ward, 1991) . As one might expect, males are also attracted by host volatiles (Oshaghi et al., 1994) . The dynamics of this system are rather complex, and lead to a build-up of males and females in the vicinity of only a few of the potential hosts in a limited environment, such as chicken coops (Kelly & Dye, 1997) .
Most recently, Dougherty et al. (1998) have shown that a range of compounds in fox (Vulpes vulpes) odour stimulate the ascoid sensillum on the antennae of female L. longipalpis, and in a laboratory bioassay, females were attracted by whole fox odour and a synthetic blend of the electrophysiologically active components. Regarding visual responses, Mellor et al. (1996) have shown that the spectral sensitivity of L. longipalpis is similar to that of tsetse (G. m. morsitans, Green & Cosens, 1983) and the mosquito, Ae. aegypti (Muir et al., 1992a) . To what extent vision plays a role in host location and whether or not sand¯ies use colour vision has yet to be ascertained.
Simuliidae
Black¯ies are found world-wide, although their distribution is limited to areas where¯owing water is available for the development of the immature stages. The main medical signi®cance of this group is the transmission of Onchocerca ®lariae, causing onchocerciasis (river blindness) in the tropics. They are also such aggressive biters that in some areas, such as eastern Canada and southern New Zealand, they are regarded as the most signi®cant insect pest to humans, even though they do not transmit pathogens there. Economically, they are important vectors of pathogens to fowl, such as ducks and turkeys, as well as seriously disturbing beef and milk production by their nuisance value alone (Crosskey, 1990) . Only females bloodfeed, and then only for egg production (Crosskey, 1993b) .
Activation and ranging behaviour. There is evidence that black¯ies engage in some form of ranging behaviour; the timing of maximum catches in nonattractive traps corresponds well with peak biting times (Sutcliffe, 1986) . This is true for parous as well as nulliparous females, which would not have had their ®rst bloodmeal yet. Davies (1978) and Wenk (1981) suggested that this arises from factors such as endogenous activity rhythms and`hunger '. Smith (1966) and Wenk (1981) suggested that black¯ies range upwind, but Davies (1978) suggests that the search pattern is random.
Long-range olfactory responses. Service's (1977) review of sampling techniques for adult black¯y cites many examples of increased catches of black¯y in traps baited with carbon dioxide. In Cameroon, Thompson (1976) found that a trap baited with human body odour attracted approximately four times as many Simulium damnosum Theobald s.l. as an unbaited trap. Moreover, traps baited with doses of carbon dioxide equivalent to that produced by a man caught fewer¯ies than those baited with whole human odour. These results suggest that there are odours other than carbon dioxide that attract black¯y. Intriguingly, Thompson also found that in forest areas, black¯y catches increased if traps were baited with clothes worn by men, but no such increase was observed in savannah areas. It was suggested that`forest' S. damnosum s.l. rely more heavily on olfaction than the`savannah' species. In a subsequent study, Thompson (1977a) found that worn trousers were more attractive bait than shirts, that sweat increased the catch, but urine, faeces, blood and sebum did not, and that treating worn cloths with hydrochloric acid, mercuric chloride or sodium hydroxide greatly reduced the attractiveness of the clothes. Thompson also tested a range of known components of human sweat, but none increased the catch signi®cantly. More recently, Cheke & Garms (1987) studied the effect of baiting traps with octenol, acetone and a blend of phenols simulating the phenolic fraction of ox urine. Catches of S. sanctipauli s.l. and S. yahense Vajime & Dunbar were not increased by acetone or the phenols, but in one experiment octenol tripled the catch.
There is also clear evidence that host odours other than carbon dioxide are important for other species of black¯y. In Canada, the attraction of S. euryadminiculum Davies to the Common Loon (Gavia immer) (Lowther & Wood, 1964 ) is a response to secretions from the bird's uropygial gland (Fallis & Smith, 1964) . Sutcliffe et al. (1994) found that catches of S. arcticum Malloch (IIS-10.11) from silhouette traps were increased signi®cantly by carbon dioxide, acetone, ox urine and whole ox odour, but various isomers of octenol (including 1-octen-3-ol) and caprylic acid had no signi®cant effect. Scho®eld & Sutcliffe (1996) also report that various ketones other than acetone and aldehydes are not attractive to Canadian black¯ies. It is particularly intriguing that the catch of S. damnosum s.l. can be increased simply by handling the traps (Thompson, 1976; Cheke & Garms, 1987) , suggesting that relatively involatile and highly potent attractants are present in human odour. As noted by Takken (1991) and Sutcliffe et al. (1994) , it is remarkable that these clear indications of the presence of potent kairomones have not resulted in more extensive studies.
Visual responses. Thompson (1976) found that removing the odour of a man from a target did not reduce the catch of the savannah forms of S. damnosum s.l., but did reduce the catch of the forest form. Taking into account also the comparative responses to odour in these two forms, Thompson proposed that the savannah form has a greater reliance on vision, because it lives in a more open habitat, whereas forest forms living in dense vegetation rely more heavily on odours (Thompson (1976 (Thompson ( , 1977b . Fallis & Smith (1964) noted that S. euryadminiculum swarmed close to, but did not alight on, a paper soaked with uropygial gland extract. They would, however, land on a conspicuous bottle nearby. As Sutcliffe (1986) noted, this is reminiscent of the responses of tsetse, where the ®nal precise location of a host is primarily a visual response (Vale, 1974a) . The work of Browne & Bennett (1980) in Canada showed that blue, red and black sticky outline traps caught more black¯ies than yellow traps. Similar indications from the earlier work of Davies (1951 Davies ( , 1961 Davies ( , 1972 , Bradbury & Bennett (1974) and Das et al. (1984) led Sutcliffe (1986) to argue that black¯ies have a preference for dark, less re¯ective colours. Although the behavioural basis of colour preference is unclear, it is intriguing that blue objects also catch more black¯ies than yellow ones ± a feature that is apparent in many of the diurnal biting Diptera (Green & Flint, 1986; Mihok et al., 1995) .
Target shape does not appear to have any great effect on the numbers of black¯ies attracted to sticky outline traps (e.g. Browne & Bennett, 1980) , but it does appear to be important in determining suitable landing sites;¯ies are concentrated at the edges and extremities of targets.
Discussion
The practical purposes of trapping insect vectors are either to kill an adequate proportion of the population to control the disease, or to sample the population to obtain epidemiological information. The prospects for developing bait systems for controlling a particular species are governed, in part, by the species' reproductive biology. Tsetse are a classic case of a Kselected species, the reproductive rate being so low that a trapping rate of c. 3% per day is adequate to reduce population growth (Weidhaas & Haile, 1978; Hargrove, 1988) . Mosquitoes, on the other hand, are typical of r-selected species, with the potential for reproductive rates so high that the trapping ef®ciency required for sustained population control is probably unachievable. This is not to say that trapping cannot play a role in population control, but that the dynamics are radically different from the tsetse model.
The main concern of control entomologists is to maximize the proportion of the population killed, while epidemiologists often need to target their sample more subtly, depending on their aims. On the one hand, virologists may require maximum catch sizes just to detect the presence of infections in vector populations. To estimate the local entomological innoculation rate (EIR), however, malariologists require a sample of biting females that accurately re¯ects the fraction of the population currently biting hosts. For this, the focus must be on the responses of insects to their natural hosts, and, as the tsetse model has amply demonstrated, control entomologists may also bene®t from focusing their attentions on these responses.
Consider for example the development of long-range attractants for controlling tsetse. Vale (1974a) assessed the attractiveness to tsetse of various natural and arti®cial hosts. First, establishing that odour from natural hosts dramatically increased the catch size of unbaited traps, and produced a more representative sample of the tsetse population. With the exception of human odour, equivalent doses of odours from different hosts were equally attractive, and natural host odour was more attractive than the host-equivalent dose of carbon dioxide, demonstrating that there was scope for isolating attractants from natural odour. Without ®rst carrying out studies of host-orientated behaviour, the search for potent attractants and ef®cient devices can be futile; one may be searching for attractants that do not exist.
Similarly, there is a need to focus attention on the visual and short-range olfactory responses of Diptera to their natural hosts if effective baits are to be developed. The ef®ciency of a trap is the number of insects retained by the trap expressed as a proportion of the number attracted to its vicinity . Early designs of tsetse traps were found to be inef®cient and biased (Vale, 1974a; . These ®ndings led tsetse entomologists to analyse¯y behaviour in the vicinity of natural hosts (Vale, 1974c; 1977a,b; Hargrove, 1976; Torr, 1994b) , models of these (Vale, 1974a; Hargrove, 1980; Green, 1986) and, ultimately, to develop designs of traps based on a rational understanding of behaviour (Vale, 1982a,b) .
To improve trapping systems for other species of biting Diptera it is important to establish the ef®ciency and bias of current sampling systems. Such studies will establish whether research should be directed at rectifying these de®ciencies. Field studies of the short-range and visual responses of nocturnal species are particularly scant, perhaps because the low-light conditions suggest that visual stimuli are less important. Although several studies have investigated responses to visual features of the environment, few have investigated visual responses to the host itself. Recent evidence of the extreme light sensitivity of mosquitoes (Land et al., 1997) suggests that the importance of visual responses may have been underestimated.
Techniques
Identi®cation of attractants. Having established that potent attractants exist in natural host odour, there remains the problem of identifying the behaviourally active components. This is especially dif®cult given that synergistic and antagonistic interactions between kairomones are apparently common Torr, 1990; Blackwell et al., 1996; Torr et al., 1996) . The most useful tool in identifying candidate attractants has been the linked GC-EAG technique (Cork et al., 1990) . There are limitations to the technique, especially for analysing more volatile chemicals (Cork, 1996) , but it does have value for the ®rst phase of analysing host odours (Hall et al., 1984; Bursell et al., 1988) . GC-EAG studies of odours from the hosts of Simulium spp., for example, may be particularly fruitful, given that there is good evidence for the existence of potent host attractants other than carbon dioxide (Thompson, 1976; 1977a,b; Sutcliffe et al., 1994) .
Field studies. An understanding of insect behaviour relies on isolating single stimuli and quantifying the response in an objective manner (Vale, 1993) . The responses to a trap is composed of a sequence of behaviours. It can be misleading, therefore, to simply use changes in catch size as the measure of response to a test odour or visual feature. This is demonstrated graphically by Green & Flint (1986) . Black traps caught fewer tsetse than blue, white or red traps, which might suggest that black is the least attractive. Electric nets placed near the coloured traps, however, showed that black was actually more attractive than any other colour, but it also elicits a strong landing response (Green, 1986) . When the external surface of a trap is coloured black, therefore, tsetse alight on and stay on the outside of the trap, thus reducing trap entry. Studies of the responses of biting Diptera to visual and olfactory stimuli based on the use of traps alone provide limited insight into host-orientated behaviour.
The nearest we have to an ideal tool for analysing insect behaviour in the ®eld is the harmonic radar system being developed by Riley et al. (1996) to track the¯ight path of individual insects. Video systems and passive sampling systems that intercept insects, such as electric nets (Vale, 1974b) , have also been effective. These sampling systems must be adapted and more widely employed if our understanding of the host-orientated responses of biting Diptera is to improve.
Biting ecology
The biases and limitations of various sampling systems complicate comparisons of the host-orientated behaviour of different species and families of biting Diptera. For instance, electric nets and video, which provide relatively objective measures of behaviour, have been used for studying tsetse and African Tabanidae, only traps have been used in published studies of North American Tabanidae, and much of the work on the nematoceran families has been based on various types of sticky-, entry-and suction-traps. Thus, apparent behavioural differences between species and dipteran families may simply re¯ect differences in experiment technique. Consequently, ®eld data must be used cautiously when drawing comparisons between species of biting Diptera.
Furthermore, there is a particular problem in comparing the response to odours of different species of biting insect. It is evident that studies have generally tested unnaturally high doses of odour. The natural doses of the various tsetse kairomones released by a large host are relatively well established (Hargrove et al., 1995; , and for tsetse at least, varying the dose of kairomone can make it more attractive, ineffective or repellent (Vale & Hall, 1985a; Vale et al., 1988) . Thus qualitative or quantitative differences in the olfactory responses of different species of Diptera may simply re¯ect the use of inappropriate doses of odour. A more rational approach is to investigate the response to doses similar to those produced by a natural host, emphasizing again the importance of using natural hosts.
Despite the above uncertainties, there appear to be a number of features common to the various families of haematophagous Diptera. Not surprisingly, similarities in visual responses appear to be related more to the insect's period of activity than to its taxonomic af®liation, diurnal dipterans being most attracted to objects that are horizontally shaped, dark or blue-coloured and mobile. These widespread visual responses presumably re¯ect host characteristics that enable diurnal insects to discriminate mammalian hosts from their environment. The rather curious attractiveness of blue (and colours with strong blue re¯ectivity such as white) may be a function of the contrast of these colours with vegetation, which re¯ects in the green-yellow wave band. For tsetse, Green & Flint (1986) suggest that the ratio of blue to green-yellow re¯ectivity is an important parameter of attractiveness, and this may hold true for other species also. The attractiveness of blue may therefore represent a strong stimulus of`not vegetation'.
Regarding host kairomones, the most obvious similarity lies in the almost universal importance of carbon dioxide. More surprising is the widespread importance of octenol, with clear responses from species of Glossinidae and zoophilic species of Muscidae, Tabanidae, Ceratopogonidae and Culicidae, and some indication of an effect with species of Simuliidae (Cheke & Garms, 1987) . There is no evidence that Phlebotominae respond to octenol, although this may re¯ect the relatively sparse amount of work on the responses of this family to host odours. The phenolic and ketone kairomones, originally identi®ed as attractants for tsetse, also appear to be effective for some species of Tabanidae and Simuliidae. Allied to this, there is evidence that nocturnal species use host odours to discriminate between hosts, whereas diurnal species are less sensitive to host-speci®c odours. For instance, tsetse respond equally to the odour of different animals (excluding humans), irrespective of their role as a host (Vale, 1974a) , whereas mosquitoes, especially those with specialist feeding habits, respond differently to the odours of different potential hosts (Costantini, 1997) .
Nocturnal species are generally small and slow-¯ying Nematocera. Diurnal species are from all three groups of Diptera, and include the large and fast-¯ying higher Diptera. Interestingly, many of the diurnal species tend to be less active around midday, with peaks of activity in the early morning and late afternoon. It is tempting to speculate that evolution has favoured this pattern because it combines many of the advantages of daytime activity with a diminishing of the physical disadvantages (low humidity, high temperature and high wind speeds; Fig. 1 ). As suggested at the beginning of this review, the physical constraints on activity in the daytime are mainly relevant to the smaller Diptera. Consequently, these species have evolved host-orientated behaviour appropriate to low-light conditions, slow¯ight speeds and stationary, quiescent hosts. Thus, their strategy is based on precise odourmediated location. Conversely, the diurnal species appear to have evolved a range of strategies that exploit the host stimuli available during the day.
